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ay Distance between two charged groups in the inflated
membrane

ay° Distance between two charged groups in the dry membrane

Cy Molar concentration of i1 in the membrane

Cq Molar concentration of salt in the membrane

e Elementary charge

E*é Electric field in the CGS system

E Electric field in théceSI system

F Faraday

I Current density in A-cm'%

(I Flow of i in pelation to the cell, expressed in

moles.cm—2.5—1

(I5)p Flow in i _in relation to the barycenter,cexpressed in
moles.cm=2 s~

(Jy)e Voluminal flow in relation to the cell
K Debye—Hﬁckel:screéh"paramgper

k Boltzmann's constant

My Molar mass of i in grams

Mg Mass of inflated membrane in grams

Mg Mass of dry membrane in grams

Mg Mass of inflating water in grams

N Avogadro's number

T Temperature

Ei Transport number of i defined by equaticn (5)
to Water transport number

toﬁ&”“) Apparent water transport number

Te Inflation rate

1i



Uy Barycentric speed, cm-s~1

vi Partial molar volume of i

Vp Tape speed of recording machine

Vg d.d.p. at the limits of the potentiometer
Vg Caliber of recording machine

Vg Partial molar volume of salt in cm3

Vs Partial molar volume of water in cm3

Vo Partial molar volume of the co-ion in cm3
W Algebraic value of the membrane charge

X Membrane capacity

o Parameter defined by equation (11)

.éj / Dielectric constant

A Parameter defined by equation (10)

Py Voluminal mass of the inflating solution
Pg Voluminal mass of the dry membrane

AL Change of position read on the recording machine
At Time needed for a volume variation AV

AV Volume variation of the receilving compartment
AX Length of the recording

n Dynamic viscosity

T Interior diameter of the capillary

X Conductivity of the membrane in @~L.cm—1
0,1,2,5 Water, counter-ion, co-ion, salt

iii



WATER TRANSPORT ACROSS CATION-EXCHANGE MEMBRANE.
I. EXPERIMENTAL TECHNIQUE. INFLUENCE OF THE CONCENTRATION
AND TEMPERATURE ON THE WATER TRANSPORT NUMBER

Mir, Demarty', A. Maurel? and E. Selegny?

Introduction /B811%

Since the discovery of ion-exchange membranes and their ap-~
plication to 1ndustrial processes, the study of electrokinetic
phenomensa, among them electroosmosis, . has been the object of

.
(oa)
H
Mo

several study projects. Eldlectroosmosls has an influence, at

times considerable, on the optimal conditions of the unfélding of
.technological processes.

The electroosnotlic flow results from theppresence of non-
mobile charged groups (fixeddcharges) in the interior of the
ion-exchange membrane. In fact, as we apply an electric field
across an exchange material separating a soluticn of electrolyte,
the ionized exchange groups are retalned by covalent bonds and
cannot change positions; the result is then a movement of the sol-
vent (in the opposite direction from the charges), which thus
guarantees a change of position in relation to the barycenter of
the system., The water transported by electroccnvection is gene-
rally decomposed into two parts: wafter tightly bound into the
compensating lons by electrostatic forces thavelingwvat the same
Speed, and water drained by viscous force during the passage of
the ions across the membrane.

Laboratory of Macromolecular Chemistry, Faculty ofi#iScience and
Technigue at Rouen.

2 Atomic Energy Commissariat, Center of Nuclear Studiesaat
Cadarache.

¥ Numbers 1n the margin indicaté pagination in the foreign text.



In this study we present, on the one hand, an automatic
method for the measurement of very small electroosmotic  flows .
wlthout modifying the concentrations of the solutions véry much.
On the other hand, we will compare the results obtained with
the water transport numbers calculated according to Manning's
theory.

I. Review of Methods for the Measurement of Electroofmotic  Flows

The measurement ofsiwater transport ifi electrodialysis may be
obtained with different methods:

1) measuring the variations of mass and concentration of the
donor and acceptor compartments [1, 2, 3]. The great incon-
venlence of this method lies in the difficulty of previous re-
moval of all of the solution from the compartments. On the other
hand, the possible deformations of the membrane do not cause dis-
furbances as is the case in the "voluminal™ method;

b) measuring the volume variations of the solutions flooding
the membrane. A great number of researcher have adopted this
method, bringing different variants into it [4, 17].

The measurement @ cell 1s made up of two compartments sepa-—
rated by a membrane and surmounted by calibrated dapillaries.

Other methods make it possible to observe the volume varia-
tions. Sosipatrov et al. [5] measured the capacity of a con-
denser whose dielectric 1s made up of isocamylic alcohol and air.
The measurement cell is connected to the condenser by a U-shaped
tube, and the volume variations produce a modification of the
capacity. This method requires a specially constructed set of
instruments and the use of akdielectric insocluble in the medium
studied, whose volatility is small and dielectric constant high.



Teorell, Bary and Hope have presented a brief description
{5, 7] of a method for measuring volume variations by using a
photoelectric system. A U-8hapeédiéttube connecting the two compart-
ments 1s partly filled with a dense liguid immiscible with water
and colored. The luminous intensity received by the photoelec-
tric cell is a function of the level of the colored liquid. With
the help of a calibrated cumve, they are able to determine the
volume variations in the cell duringwork.

By using a photoresistance, we developed a techngiue which
makes 1t possible to observe and record the electroosmotic ' flow

in a measurement cell,or, eventually, in an electrodialyzer.

II. Automatic Measurement Method

The equipment used for these measurements is presented in
Fig. 13 it is made up of several separate parts:

a) Measurement Cell

A

It is made up of two
identlcal half-cells

£, separated by the membrane
™
@f: under study. A set of

B masks placed on both sides

of the membrane makes it

NL-—-‘I
.
1

possible to modify its

Fig. 1. Eguipment for measuring useful surface at will,
electro—-osmotic flow: 1. elec-
trodes in Ag/AgCl; 2, flagnetic
bars; 3. capillaries; 4. reverser; guaranteed by two flat

5. stabilized feeding, Tacussel . X
CGR; 5. thermostatic jacket; rubber jolnts. With this
7. £illing ampullas; 8. photo- setup, 1t is unnecessary
electric system which makes it
possible to observe the change
of position of the meniscus; ©
9, exititoward recording ma-
chine or system of acquisition
and treatment of data.

while watertightness is

to use grating to support
the membrane, whose sur-
face is small.



The two cells are closed by two plugs on which the capill-
laries, the working electrodes, and the filling ampullas are
Tixed,

The plugs have a conical base, which allows the bubbles to
rise completely at the time of filling and the gases dissolved
in the solution studied to depart during measurements at high
temperatures.

The electrodes are made up of sllver plates covered with
$ilver chloride through electrolysis according to the usuil
techniques [8].

The filling ampullas are fixed onto the plugs by conical
ferrules, which are lubricated in order to avold all leakage. A
small rubber tube placed between the two lateral stopcocks makes /813
it possible to change the position of the meniscus in the
caplllaries by squeezing with a Mohp‘srpinchcock.

The capillaries are fixed horizontia®ly onto the cells by
means of conlecal ground Jolnts. Thelr diameter may vary according
to the test, but in owr case it 1s about 2.5 to 0.01 mm.

Agitation of the solutions is guaranteed by magnetic bars
which turn at a speed of over 6000rpm. Under these conditions,
the sclution may be considered to be homogeneous from the stand-

pdinteeof toncentration and temperature.

The cell is surrounded by an exterior Jacket containing a
thermostatic 1liquid whoseetemperature is adjusted t665/000thiof a

degree.



B) Feed Circuit

The current supplied to the ¢éell is produced by a regulated
intensity source operating in the range 0.8-250 mA.

The electrodes are alternately anodes and cathodes. Com=
mutation 1s guaranteed by a timer which allows a reverser to swing
for predetermined periods of time, varying from 1 to 12 min.

The purpose of this operation is to operate in theiimmediate

neighborhood of the initial concentration of the filling solutions.

¢) Detection Circuit

The position of the meniscus in the measurement capillary is
marked by a photoelectric cell dlluminated by a small lamp. When
the position of the meniscus changes, the optical beam swerves,
and the photoelectric cell moves laterally in order to find
maximal illumination (Sefram&SN.i25 level follower).

However, thisddetection system is difficult to use with
very fine capillaries; in order to improve it, we must use much
more perceptible photodiodes. The photoelectric cell is mechani-
cally connected to the slider ofof Q&f@@@ﬁ@nﬁﬁmmetérf-'"A )
cell-rheostat - system makes it posslble to maintéin a permanent
level of 1 V2(Vg) at the extreme teémminald odfiethéuwinding.

d¢) Amplification and Recording Circuit

The voltage gathered at the terminals of the potentiometer
is sent to the recording machine operating in one of the ranges
(Vg) of 10, 25, or 50 mV, according to the case, which makes it
possible to fictively multiply the change of position of the
meniscus byl11l00, 40, and 20.



The speed with which the paper changes (Vp) is selected so
that we can obtain straight lines, whose gradients are easily
measured.

III. Calculation of the Water Transport Number

The water transport number t, is defined as the number of

moléssof water transported by one Faraday of current across 1 em®

of membrane. We defined a measurédawater transport number by:

g = DY-F_ (1)
Vo.1.Af

The explanation of the symbols is given in an annex.

It is easy to express the water transport number as a funcéE
tion of the characteristics of the system used; we obtain:

| ffﬂ_'*“f,%g_ ‘ (2)

with
! K — T’.::.VE.V“.F
Vod. V.

The only measurement to be accomplished, then, 1s the deter-
mination of the mﬁnglewg&w\pf the curves with the horizontal
line; we may also accomplish the measurement of the gradient
automatically by using a tachometer or by injecting the voltage
gathered at the terminals of the potentiometer into a system of
data acquisition and processing. In this case, the calculation
of the water transport number 1§ obtained directly.

The real water transport number 1s obtained by the relation

[973:



'n=uw_ﬁ%+(iﬁﬁfﬂﬁlj (3)

The second term in the expression represents the contribu-
tion of salt to the measured voluminal flow and the volume

variations of the electrodes.

As equation (2} shows, measurements of tgy will be more pre-
clse the closer the angle 6 is to 45°., The estimated maximal
theoretical error is in the range of 6%, but, in fact, the re-
producibility of the tests 1s over 3%.

IV. Experimental Results

Numerous researchers have studied the different factors which
modify ekectroesmotic flow. However, the #Afiflkuence of tempera-
ture has attracted the attention of only a few. The principal
conclusions have been gathered together by Lakshminaraianaiah- [47.

The two membranes used here have fairly dissimilar charac-
teristics; the first (I) is of commercial origin (Ionac 3470 XL),
while the second (E) was obtalned by chlorosulfonation and sub-
sequent hydroiysis of a polyethylene film {10]. The different
samples used first underwent cycles of concentration variation
and heat treatment (between 20 and 80°C), which guarantees hetter
hepreducibility of the measurements at different temperatures
[11, 12]. We applied ocur methcd to the determination of water
transport numbers of these membranes in the presence of alkaline
chlorides.

The results presented in Tables I to IX and Figs. 3 and 4 are
averages obtained for tests repeated 20 or go times with dif-
ferent samples and different current densities.



TABLE I. WATER TRANSPORT NUMBER OF THE MEMBRANE E IN THE /814
PRESENCE OF LITHIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

t - .
C 250 | 35°C | 45 o | 55 ¢C | 65 oC | 80 °C
{ ,
1N 14.4. | 146, | 149, | 152 | 14.6, | 153,
03N 22.6 | 22,5, | 22,7, | 23.0, | 23,14 | 23.2

01N 28.3, | 29.3, | 303, | 31.6, | 32.8 | 332
0,03N | 307, | 310, | 31.7, | 32,5, | 32.6, | 32,7,
001N | 313, | 32.2, | 32.0, | 31.3, | 326, | 33.0,

TABLE II. WATER TRANSPORT NUMBER OF THE MEMBRANE E IN THE
PRESENCE OF SODIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

{ - ‘
: ? 25°C | 359C ;| 459C | 55 °C | 65 C | 80 o
: 1N 84 | 85 | 86, | 872| 0 8.65
! 03N 15,0, | 155, | 153 | 152, | 151 | 15,3,
i 01N 18,3 | 187, | 188 | 177, | 185 ! 19,0,
) 003N | 214, | 21.3; | 209, | 21.0 | 21,8 | 22,1
i‘IL 0,01 N ! 224 | 224, l 22,9, | 22,8 | 229, | 23,0,

TABLE +IIT. WATER TRANSPORT NUMBER OF THE MEMBRANE E IN THE
PRESENCE OF POTASSIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

—=|

-
c 25 °C | 35 9C | 45 °G | 55 °C | 65 oC | 80 oG
bod
! 1N 50,1 51 L 52,1 53 | 51 { 53,
| 03N | 9%y | 96 | 9751 98, 9.9, | 104,
| 01N 12,2, | 12,2, | 12,2, | 123, | 124, | 128

003N [ 138, | 13.8, | 13.9, | 14.0, | 14,1, | 14.2
001N | 14,8, 14;90-5 15,1, | 1504 | 15.2, | 15,3,




TABLE IV. WATER TRANSPORT NUMBER OF THE MEMBRANE E IN THE
PRESENCE OF RUBIDIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

| {t -

¢ 259 | 35 °C | 45°C | 55 °C | 65 °C | 80 °C

¥
1N 69,1 Tlai 73| T3, | T4y | 74
03N 94, | 96 | 98| 97| 99: | 99,
01N 1,1 | 11,2 | 153, | 1 | 11,5, | 11,6,
003N | 123, | 123, | 12,5, | 12,6, [ 128, | 12,8,
0,01 N 13,1, | 13,1, | 133, { 13,6, | 13,7 | 137,
) i

‘,——-._ _— - o -

TABLE V. WATER TRANSPORT NUMBER OF THE MEMBRANE E IN THE
PRESENCE CF CESIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

|
§
f - :

"e 259C | 35°C | 45 ¢C | 55 °C | 65 ¢ | 80 o
n
¢ 1N T | 17| 78,4 781 79,1 7.9,

03N 10,7, | 108, | 10,9, | 10,9, | 11,0, { 11,1,
i 01N 1206 1 12,2, | 123, | 123, | 124, | 1204,
] 003N 12,5, | 125, | 12,6, | 12,7, | 12,8, | 129,
b OBEN 1132, 1 131, 13,3, | 13.4, | 136, 1 141

TABLE VI. WATER TRANSPORT NUMBER OF THE MEMBRANE I IN THE
PRESENCE OF LILTHIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

! f -

l [ 25 oC 35 oG 45 oG 55 °C €5 oC

i ¥

. 1IN 10.8, | 108, | 11.0, | 111 | 108, -
| 03N 122, 123, | 123, | 123, | 127,
AN 13,0, | 128, | 132, | 137 | 138 -
T 003N 134, | 139 | 143, | 146, | 14.8,

. 0UIN 134, | 135, | 141, | 145, | 146,
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TABLE VII. WATER TRANSPORT NUMBER OF THE MEMBRANE I IN THE
PRESENCE OF SODIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

| { -

; C 250C | 35°C | 45°C | 554C | 6509C

-

|

|

i 1N 8.1, 3.0, 8.0, 8,2, 8,3
. 03N 8.1, 8,2 8.2, 8.4, 8,5,
| OIN 8.2, 8.3 8.2 8.4, 8,9
| 003N 8.1, 8.0, 8,3, 8.5 8,7,
| 001N 8.4 3.5, 8.7, 8.7 8.7
1

TABLE VIII. WATER TRANSPORT NUMBER OF THE MEMBRANE I IN THE

PRESENGE OF POTASSIUM CHLORIDE AT DIFFERENT CONCENTRATIONS
AND TEMPERATURES

, —
|
t —
c 950C § 35°C | 45°C | 55°C | B3°C
)

\ . 1IN 6,75 6,9 6.9, 7.2, 7.4,
03N 6.7, 6.8 7.1, 7.2, 7.6
0.IN 6.5, 6,8, 7.0, 7.1, 7.1,
0,03 N 6.8 .65 7.0 7.3 7%
001 N 6.8 6.8, 7.0 7.2 T4

TABLE IX. WATER TRANSPORT NUMBER OF THE MEMBRANE I IN THE
PRESENCE OF BYDROCHLORIC ACID AT DIFFERENT CONCENTRATTIONS

AND TEMPERATURES

B
Lt
S c - 25C | 350C | 45°C | 55°C | 65¢C
4
1N 2.1 2,2 23, | 24, | 25,
03N 2,1, 21, | 23 2.5 2.54
01N 2.2, 2.3 23, | 25, | 2.6
003N 2.1, 22, | 24 24y | 2.8
; 0.01 N 2,2 23, | 24, ; 26, | 27
|
. .

/815



Inilitens : ¥ Influence of Current Density
[

| " We confirmed that the %
1 A

i 4 Eﬁrrené density did not have” 2
3 __“_H‘N‘\\‘\\ﬁ _any effect on the water LN

7] T ‘transport numbers in_ the area

{ - v —— rstudled (5 to_SO‘mAfcmz) fér

| - _ — solutions 0.3 N and 1 N, B

1 st and 5 to 20 mA/em?) for R
J ' : others) when sufficient agl- o

f S T tation is imposed. , {

f . L » Cmolell - _ %

1 4 003 a1 a3 [ o

‘ ] . In the case of tests con- /815
Fig. 2. Variation of the water

transport number as a function ducted under natural con-

of the concentration of the vection (absence of all
solutlions with the membrane I : < qo

at 25°C, M LiCl; e NaCl; A KC1; agltation) we notédean

£ HCl. appreclable dependence of tg

on I. The water transpoert
o number increases quite clear-
ly when the current density
decreases; when the valuesoof
I are high, there 1s a ten-
dency toward a level which
is inferior to t, obtained in
the presence of agitation.
We attribute these effects to

the medification of the

- . Emoleft polarization layers during
7 oy df [F] [
Fig. 3. Variation of the water the test [14, 15].
transport number of the membrane
E at 25°C as a function of the
solutions. M LiCl; e NaCl;
A KC1; 0O RbCi, o CscCl.

Influence of the Nature of
the Ton

As we can see in Figs.
2 and 3, the water transport numbers of the membrane (I) diminish
i



b in the order Li > Na > K >
I > ﬁi w&%h the membrane (E),
o , the order of the variation !
is L1 > Na > Cs = Rb > K,

PR . T A at least with concentra-

23
tions below 0.1 N; beyond

- — that, the order undergoes

1o modifications.

1 We also observe that
K 30 ) 8 Tee h the last three ions have a

Fig. 4. Variations of the water s ,
Fﬁ%ﬁ%%%h% number of the membrane simllar behavior, and that
E 284 function of the tempera- there is very little dif-

ture of the solutions in the .
case of QwlkiNosolutions. ference in the water
M [iCl; A NaCl; e KCl; O RbCl. transport numbers. We can

further notice that the
water transport number of
the Cs+ ion 1s alwaysligreater than that-ofthe Rbt ion. This

effect has already been noticed [U4] in various, very different
cationlc membranes. Nevertheless, the regearchers give results
for weak concentrations only, generally 0.01 N.

A qualitative exzplanation of the influence of the ions of the
adlkaline series on the water transport numbers can be given by
examining thelr behavior toward strong polyelectrolytes.

The larger the hydrated ion is (the case of lithium), the
greater 1s its approach distance to the fixed charges of the
pelyion; this ion has little facility to compensate for the charges
carried by the matrix. The effective charge of the polyion, then,
iz high. Thethescase of a soluble polyélectrolyte, the result is
a high pK and high viscoslty and a considerable inflation for
the resins in the ioh-exchange membranes. These effects diminish
as we pass from lithium to cesium.

12



In an ion-exchange membrane the inflating solutilion carries a
charge opposite to that of the matrix in order to respect the
electroneutrality of the system. As a first approximation we may
concede that the higher thils charge 1s, the more important the
‘electroconvection will be; this would justify the observation of a /816
water transport number which decreases from lithium to cesium.

However, we must emphasize the fact that the parameter in-
fluencing the electroconvection is not the charge but the veoluminal
density of the charge of the solution,aas the Naviers-Stokes equa-
tion shows; but,ssince we know that the membrane inflates more
in the case of lithium than in the case of cesgium, it is 4iffi-~
cult to conjecture in which direction the voluminal density of
the charge varies.

Let us finally remember that part of the water is transported
in the form of hydration water for the ions; consequently, we may
concede that this contribution is more important for the alkalis
at the top of the coclumn.

Influence of Temperature

As we can seen in Tables I fo IX and in Fig. 4, ihethe range
of 25-80°C, an increase in témpérature increases the water
transport number, no matter what the ccmpensating ion is. On the
other hand, George and Courant [13] find a slight decrease between
10 and H40°C when using the Nepton CR 61 membrane.

In ocur case, we must observe, above all, thattthe variations
are small (in the range of 0.1% per degree) when the decneasénin
the viscosity of the medium, as well as the dehydration of the
ions [119],ccould lead us to antiéipate more considerable modi-
fications. The conductivity of the membranes is also strongly
influenced by the temperature (in the range of 2% per degree).

13



The variations of the different parameters should therefore com-
pensate for eachuother.

Influence of the Concentration of the Solution

In Figs. 2 and 3 we traced the water transport number as a
function of the logarithm of the concentration of the electrolyte
solution.

For the membrane (E), the water transport number diminilshes
in all cases when the concentration increases. The effect is the
more obvious the more of the solvent the compensating ion "drains.”
For example, for Nat, t, passes from 22.3 to 8.4 in the region
of 0.01 to 1 N, that is, to one-third.

On the other hand, in the case ofthe Ionac¢ membrane, the
water transport numbers for the Nat and Kt 1ons are much smaller,
and the 1nfluence of the concentration is practically included

in the experimental error.

The decrease in the water transport number which takes place
when the concentration of the solutions is increased may be
attributed tec the penetration of salt into the membrane. In fact,
this penetration increases Fthe screen effects between the filxed
charges of the matrilix; the result is a decrease in the electro-
static repulsions between the exchange sites, which does not
explain a decrease in inflation. Besides, the transport number
gfttheccounter-ion is lowered. These effects cooperate in

decreasing the transpotrt of water.

V. Calculation of the Water Transport Number Across an Ion-
Exchange Membrane

The apparent water transport number, definedaas the quantity
of solution transported by one Faraday of current, can be ax -

14



eXpressed by the following relatlon Iin the case of an electrolyte
1-1 [97:

\ taappy = %:‘3-—"-?:!- + 1 (-z'- —— E’-—)-i—_-—’—-v FV, E(‘,}M‘ ‘
|i.” . .u .Vo‘ . Vn. _Mn VN, ) (L})
The quantity Vg . represents the voluminal mass of the ,
37 SCAL (;J
M, _

solution in the membrane; as a firstuapproximation we take 1t to
be equal to 1. Uy 1s the barycentric speed, Vi represents the
partial molar volume of the different speciles, My is the molar
mass of i, and 1 = 0, 1, 2 for the water, the counter-icn and
the co-1ion, respectively.

The transport number t; is defined by:

L

W=Fa | (5)

where (Jq)c1s the flow of the cation marked in relation %o the
cell.

The water transport number 1s connected with the apparent

transport number by:

: ‘K-m“ioﬂ‘tl}%'—';’] (6)

Yo Vo

By identifying (6) and (4) we obtain:

1 J,

My o M
Mo.‘hu+

i

(7)

t°=

<

ol

In order to express Ub, it is necessary fto resolve the

Naviers-Stokes equation
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viU,=vP—F

o

Several researchres have done this either by using a capill-

lary model [20, 21, 22] or by using a network of discrete charges
[23].

We will use Manning's results, which seem satisfactory in
the case of membranes whose charge density is high and inflatidon
considerable.

-~ In this mcdel the membrane is assimilated into & network
of discrete charges whose mesh constants are (ax, ay az); the
sclution penetrates the membrane completely, but there is no
restriction as to its concentration. The electrié field is ap=
plied in the directicon of x.

In order t¢ resolve the Naviers-Stokes equation, the author
expresses the pressure gradient and the voluminal force in the
form of a Four#&ér series, and uses the Poisson-Boltzmann linear-
ized equation.

Under these conditions, theebarycentric speed is expressed
by the following relation

- .- T ) t
U, = — eE*NXWEK-2{me coth (mu)} — 1}
oo S !

in whilech K is the Debye-Hiickel screen parameter. It is directly
connected with the minimum apprecach distance of the charges

—

t K! = INECz® = AN(X + 2T) (9)
AT R i e e e - — STty

: _ dmet .
E . = ekT | (10 )
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X is the capacity and 55 is the concentration of the salt in the
membrane,

The parameter o is defined by:

aa—'aj‘l{mg (ll)
where ay is the dilstance between two charges.

We can now express the water transport number by introducing
égquatdons (8), (9), (10), and (11) intc equation (7) and by
observing that the electric field is connected with the current
density by the expression:

=rE) (12)

in which ¥ is the conductivity of the membrane expressed in
~l.ap-1
T eemT -,

Iy = 1\'—13-—-— ¢ M,
M, M,
KX (2, (X +2 G, coth (a,L(X+2 C)1y—1]
(X+2 E‘)x -
K=" =1,075 (13)
AV, 300
B\ 3L
L= i = 20/,
(akr) 3671?

In the calculation of Kl’ we have assumed the viscosity of
the medium to be very little different fromithat of water, or
0.80-10-2 pgdises at 259%C.

In expression (13), the molar masses are expressed in grams

and the concentrations in moles per cm3.

A1l parameter of the equation are measurable except the
parameter "ay," which is the dlstance between the different

17



charges of the network. This parameter will vary with the infla-*
tion of the membrane, and cannot be obtained experimentally. We
also tried to connect it with an "intrinsic" parameter ayo, which
corresponds with the dry membrane.

In order to do this, we will takenan extremely simple model,
and assume that the ionizable sites of the membrane are placed
on the vertices of a cube whose édge is ay:
The voilume of this cube can be connhected to the voluminal
mass of the matrix by

(a’?' . .';_::

(14)

When the exchanger is is contact wilth a2 solution, we in-
crease the volume of the elementary cube:

ag) =Ty 4 Mo I (15)
pl _PO

where m, is the mass of the solution which penetrates inside the

membrane and p, is its voluminal mass.

In order to write equation (15), we assume the additivity of
the volumes, that is, that there is very little 1lnteraction between
the solvent and the matrix and that the voluminal mass of the
solution differs véryidittldefrom that of water.

On the other hand, we define the inflation rate of the mem-

brane by:

(16)
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By combining (14), (15), and (16), we obtaln a relation be-
tween a, and ayo, in which a,® is an Intrinsic value of the
polymer.,

" @)t = g FT)
T l (17)

with e s

' . LT
F(T)=1 4 8 To-’
. fo 1—"Tq

- Compariscn Between the
Experimental and Calculated
w Results

We calculated the
water transport number for
the membrane (E) in the
presence of NaCl at dif-
ferent concentrations by
using equation (13). The

results are reported in
Table X and Fig. 5. We
adjusted the parameter a,°

J
in such a way that there was

agreement between the
experimental values and the
calculated cnes for =a

0.1 M concentration.

. . . Cmolefi
W om o @ e
Fig. 5. Variation of the water We are led to assume
transport number as a function 0 = .
8% the concentration of the a value Ay 4.6 ﬁ’ which is
solutions . Membrane E with much smaller than the result

NaCl. e Measured values;

(o)
A cglculated wvalues. (16 A) obtained by

Manning [23] with a membrane
whose inflation was com-
parable to ocurs. The
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TABLE X. WATER TRANSPORT NUMBER CALCULATED FOR THE MEMBRANE
E IN THE PRESENCE OF NaCl AT DIFFERENT CONCENTRATIONS AT 25°C.

ay® = 4.67 K, o5 = 1.8

c - X . X <, ' I PR R Lo ,
eq.L- 10 eq.cm =3 108 Q.em~ p Wfeq.em=d | <0 1 AL | Measured| Calcylated’
0,01 g 0.965 39 C.718 - 732 224 21,8
0.03 81 6,975 - B2 0,387 7,06 21,5 . - 202 -

0,1 9.2 0,990 165 - 0.651 68 . |- 183 18,8
0.3 5.4 1.06 88.3 0579 1. 635, - 1508 . 15,1
1 0.7 1,33 282.4 0.481 . 5,89 84 - “10,4

reresults show that this model makesiitppossible to give a satis-
?actory explanation of the variaticnvofffthe water transport
number as a function of the concentration in the area studied.

Conclusions /818

We developed an automatlc method for measuringnélectro-—mmym
osmotic flows, which is derived from the capillary techfilque. The
use of a photoelectric system makes it possible to observe the
change of position of the menilscus in the capillary and to provide
an electric voltage proportional to it. The possibility of
amplifying the movements of the fluids about 100-fold makes it
possible to measure extremely small flows.

The method was applied to the measurement of the water trans-
port numbers of two cation-exchange membranes, while varying the
concentration of the solutions, the nature of the electrolytes,
and the temperature.

The results show that the current density does not havewany
influence on the electroosmotic flows 1f the agitation of the
golutions flooding the surface is sufficient. In the absence of
51
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agitation, we observe an increase in the water transport number
at low current densities.

Studies concerning this effect are the subject of separate
publications [14, 15].

The measurements of the water transport in the concentration
range of 0.01 N to 1 N show a strong dependence between to and
the concentration. The effect is the weaker the smaller the t,
of the ion is. This explains to us why we do not obtain a varia-
tion for Na*, K*, and H* with the I6nac membrane.

Theiincrease in the concentration causes a considerable
penetration of salt inside the membrane. This penetration of salt
diminishes the effective charge of the membrane (screenzéffect),
that is, the convection. Further, the membrane deflates, and so
decreases the hydraulic permeability.

The temperature has cnly a slight #rifluence on ty, and we
observe a slight increase, in the range of 0.1% per degree, in the
area studied (25 to 80°C).

The nature of the compensating ion is of great importance for
électroosmotic flows. to decreases in the order L1, Na, K, Cs,
Rb at low concentrations. In all cases, the cst ion gives the
membrane a greater water transport number than Rbt.

A qualitative explanation of the influence of the nature of
the iong can be found by studying thelr behavior toward strong
polyelectrolytes.

On the other hand, we tried to calculate the water transport
numbers by using Manning's model of discrete charges [23]. The
results show that the equation makes 1t possible to represent
the variations of the experimental curves, but the agreement is
only semi-quantitative.
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But this model cannot explain the effects due to polariza-
tion that we observed while measuring the water transport number
as a function of the current density under natural convection.

An experimental and theoretical study of the influence of
polarization has been developed and is the subject of the fol-

lowing publications [14, 15].
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